Toll-like receptor 5 is a pattern-recognition receptor for bacterial flagellin. We previously reported that a single nucleotide polymorphism (SNP) of swine TLR5, C1205T, impairs recognition of Salmonella typhimurium (ST) flagellin and ethanol-killed Salmonella Choleraesuis (SC). In the present study, weaned, specific pathogen-free (SPF) Landrace piglets with CC, CT or TT genotypes were orally infected with ST (L-3569 strain) to determine the effect of this specific SNP on ST infection in vivo. Eighteen ST-infected piglets (six each with CC, CT, or TT) exhibited fever and diarrhea for 1 week after infection. TT piglets had the longest duration of fever. TT piglets had the greatest mean diarrhea score during the experimental period, followed by CT and CC piglets. Fecal ST shedding was greater in CT and TT pigs than CC pigs from 2 days after infection. Serum haptoglobin concentration increased in ST-infected piglets and to greater extents in CT and TT pigs than CC pigs. Daily weight gain was lower in infected pigs, particularly TT piglets, than control pigs. To the best of our knowledge, this study is the first to demonstrate that impairment of TLR recognition affects pig susceptibility to disease in vivo. Thus, piglets with the T allele of swine TLR5 (C1205T) exhibit impaired resistance to ST infection. Furthermore, elimination of the T allele of this SNP from Landrace pigs would lead to enhancement of their resistance to ST infection.
Salmonella enterica serovar Choleraesuis and Salmonella enterica serovar Typhimurium are major causative pathogens of pig Salmonellosis. SC causes acute septicemia and diarrhea in growing pigs, whereas ST causes mild enteritis and diarrhea in weaned piglets. SC and ST often cause sub-clinical infections with ongoing bacterial shedding in feces. These asymptomatic carrier pigs make it difficult to control this disease in pig farms.
Because pig salmonellosis is also a zoonotic disease, food poisoning caused by Salmonella meat contamination can be a human public health problem (1, 2) .
Toll-like receptor 5, a pattern recognition receptor on macrophages or DCs, targets bacterial flagellin (3). Many studies have investigated the relationships between SNPs and human and mouse disease susceptibility or resistance. For example, TLR5-deficient mice lack an innate immune and cytokine responses to purified flagellin (4). In addition, TLR5-deficient mice tend to develop spontaneous colitis because of an inability to manage their enteric microbiota (5) .
In humans, the arginine at amino acid 392 is replaced with a stop codon in the TLR5 SNP, C1174T. Approximately 10% of the world's population are heterozygous carriers of TLR5-stop and appear to have a 75% reduction in TLR5 function compared with those without TLR5-stop. Furthermore, heterozygous carriers of TLR5-stop have a greater likelihood of developing clinical disease upon exposure to Legionella than those without TLR5-stop (6) , suggesting that TLR5 function is important in protecting the mucosa against this infection. Thus, bacterial flagellin recognition and innate immune responses mediated by TLR5 play important roles in protecting the gut from enteric pathogens and microbes (7) .
We previously reported several SNPs with amino acid alterations in swine TLRs, specifically TLR1, TLR2, TLR4, TLR5 and TLR6, and that these nonsynonymous SNPs accumulate in the extracellular regions of swine TLRs (8, 9) . In addition, SNPs of the pattern recognition receptor for virus-derived RNAs, such as TLR3 (double-stranded RNA), TLR7 and TLR8 (single-stranded RNA), have also been identified; moreover, polymorphisms in viral-sensing TLRs are associated with disease susceptibility or resistance (10) .
Accordingly, in the present study we examined a swine TLR5 SNP, C1205T, that causes a P402L amino acid alteration. We have previously reported that this SNP causes impaired recognition of ST flagellin and ethanolkilled SC as determined by a NF-kB-dependent luciferase assay using HEK293 cells in vitro (11) . We have also previously reported that the only major pig breed in Japan in which this T allele has been identified is Landrace (8, 12) . Moreover, although mice have an alternative pathway for recognizing flagellin, the NLRC4-NAIP inflammasome pathway, Sakuma et al. recently showed that pigs lack both functional NLRC4 and NAIP genes, and that neither the NLRC4 nor NAIP gene is expressed in porcine macrophages (13, 14) . These findings suggest that the role of TLR5 in flagellin recognition more profoundly influences disease resistance in pigs than in other species.
Therefore, in this study, to investigate and validate the effect of the TLR5 C1205T SNP in vivo, we experimentally infected weaned, SPF Landrace piglets (which have a CC, CT, or TT genotype) born from CT sows mated with a CT boar with ST.
MATERIALS AND METHODS

Experimental animals
Twenty-one weaned, SPF male Landrace piglets were used in this study. With the exception of the three uninfected control piglets were also produced at the Zennoh East Japan Breeding farm, but mated with the different boar, the genotype of which was CT Â CT. The male piglets were genotyped by allele-specific PCR as described previously (12) and divided into equal groups of each genotype to minimize the effects of the different sows. At 4 weeks of age, they were weaned, transported to the experimental infection facility of the National Institute of Animal Health, and reared in four different rooms: one for each genotype (CC, CT or TT; six pigs/ room) and one for uninfected controls (three pigs/ room). After 1 week of habituation, rectal swabs with enrichment culture showed that all pigs were ST negative prior to the ST infection experiment. The experimental piglets received standard feeding (SDS-No. 3, FEED ONE Co., LTD. Kanagawa, Japan, without antibiotics) twice per day at 09:00 and 16:00 with clean tap water.
Preparation of Salmonella typhimurium
Eighteen 5-week-old SPF weaned Landrace piglets including six with each of the wild-type CC homozygous genotype, CT heterozygous genotype and mutant TT homozygous genotype were infected with ST derived from a diseased pig (L-3569 strain, rifampicin resistant). L-3569 was cultured in LB broth at 37°C for 16 hr and each piglet was orally infected with 1 mL cultured ST (10 7 -10 8 CFU/pig) over two consecutive days. As an uninfected control group, three control piglets including one with each of the CC, CT and TT genotypes were orally administered 1 mL of saline.
Experimental design
Blood was collected from a jugular vein and feces by rectal swab before and 2, 3, 7, 14, 21, 28 and 35 days after ST infection. All piglets were killed 35 days after ST infection. All of them were weighed before and after the experiment. After ST infection, clinical signs, rectal temperature and diarrhea scores were assessed each day at 09:00. ST in rectal swabs, serum antibody against ST O4 antigen and cytokine and haptoglobin responses in serum and whole blood were quantitated and the major organs were examined histopathologically at necropsy. All assessed variables were compared between genotypes.
Quantitation of ST shedding in rectal swabs
Feces in each swab were weighed and serially diluted with dilution solution A (4.5 g KH 2 PO 4 , 6.0 g Na 2 HPO 4 , 0.5 g l-cysteine Á HCl Á H 2 O, 0.5 g Tween-80, 1.0 g agar per 1.0 L distilled water). Diluted feces (100 mL) were plated on deoxycholate agar containing rifampicin Role of TLR5 SNP in pig salmonellosis (100 mg/mL) and cultured overnight at 37°C, after which ST colonies were counted and the number of ST shed in rectal swabs calculated.
Measurement of haptoglobin and IL-1b concentrations in serum and blood
Serum from each piglet was separated and serum haptoglobin concentration measured by hemoglobinbinding assay as described previously (15) . Whole blood (1 mL) from each piglet was cultured in a 24-well plate without or with flagellin (1 mg/mL) stimulation at 37°C in 5% CO 2 for 72 hr, after which the supernatant was collected. IL-1b concentrations in serum or supernatant were measured by DuoSet Porcine IL-1b (DY681; R&D Systems, Minneapolis, MN, USA).
Histopathologic examination
All piglets were killed and the liver, spleen, lungs, gall bladder, tonsils, ileum and mesenteric lymph nodes collected and fixed in 10% neutral-buffered formalin. The tissues were embedded in paraffin, sectioned conventionally, and stained with HE.
Statistical analysis and animal ethics
Differences in mean values between the three genotypes were compared by the Kruskal-Wallis test, and if a significant difference was found, pairwise comparisons using the Mann-Whitney U-test with Bonferroni correction was used to determine the difference between each genotype. Values of P < 0.05 were considered to indicate statistical significance. All tests were conducted using EZR software ver. 1.36 (16) . All animal experiments were approved by the Animal Experiment Committee of the National Institute of Animal Health (Approval No. 16-033).
RESULTS
Changes in rectal temperature after ST infection
Changes in mean rectal temperature at 09:00 over 7 days after ST infection are shown in Figure 1 . The three uninfected control piglets showed no fever (38.5-39.5°C), whereas infected piglets had fevers exceeding 39.5°C. In particular, TT piglets had 4 consecutive days of fever exceeding 40.0°C, their temperatures decreasing thereafter. CT genotype piglets had 2 consecutive days of fever exceeding 40.0°C, their temperatures subsequently decreasing. In contrast, CC piglets had fevers below 40.0°C with lower temperatures for fewer days than TT and CT piglets.
Changes in diarrhea scores after ST infection
After oral infection with ST, infected piglets had diarrhea coinciding with fever. Seven days after ST infection, infected piglets sometimes had mild diarrhea that gradually resolved. None of the three uninfected control piglets had diarrhea during the experimental period. Diarrhea was scored as follows: normal feces ¼ 0, mild diarrhea ¼ 1, diarrhea ¼ 2 and watery diarrhea ¼ 3. TT piglets had the highest mean diarrhea score during the experimental period, followed by CT and CC piglets. Diarrhea scores were significantly high in TT than CC piglets ( Fig. 2 , P < 0.01).
Changes in ST shedding in rectal swabs after ST infection
Degree of ST shedding in rectal swabs collected 2, 3, 7, 14, 21, 28 and 35 days after ST infection are shown in supplementary Table S1 . None of the three uninfected control piglets showed ST shedding throughout the experimental period, whereas ST shedding by ST-infected CC piglets was 10 2 -10 4 CFU/mL 2 days after infection, decreasing to 10 2 -10 3 CFU/mL 3 days after infection and to 10 2 CFU/mL, that is, sporadic ST shedding, in five of 24 piglets 2 weeks after infection. In contrast, ST shedding by ST-infected CT piglets was 10 4 -10 6 CFU/mL 2 days after infection, decreasing to 10 2 -10 4 CFU/mL until 7 days after infection, and then to 10 2 -10 3 CFU/mL 2 weeks after infection; however, in contrast with CC piglets, 14 of 24 CT piglets continued ST shedding. Meanwhile, ST shedding by ST-infected TT piglets was 10 3 -10 5 CFU/mL 2 days after infection, Figure 3 . CT piglets exhibited significantly greater ST shedding 2 days after infection than CC piglets (P < 0.05). Both CT and TT piglets shed significantly more ST 14 days after infection than CC piglets (P < 0.05). Overall, CT and TT piglets had greater and more prolonged ST shedding than CC genotype piglets.
Changes in serum haptoglobin concentrations before and after ST infection
Changes in concentrations of the acute phase protein haptoglobin in serum before and after ST infection were measured by hemoglobin binding assay (Fig. 4) . Serum haptoglobin concentrations increased in infected piglets in parallel with clinical symptoms, peaking at 3 and 7 days after ST infection and decreasing to normal 14 days after infection; this did not occur in uninfected controls. Although there were no significant differences in haptoglobin concentrations among different genotypes in each day. Serum concentrations of haptoglobin were 1.15-fold over pre-infection concentrations at 3 days and 1.25-fold 7 days after infection. In contrast, in CT piglets, serum haptoglobin concentrations increased 2.63-fold over pre-infection concentrations at 3 days and 2.80-fold 7 days after infection. In TT piglets, serum haptoglobin concentration increased 1.73-fold over pre-infection concentrations at 3 days after infection and 1.54-fold 7 days after infection. Changes in haptoglobin concentrations tended to be larger in CT and TT than CC piglets, suggesting that CT and TT piglets have stronger inflammatory responses than CC piglets.
IL-1b concentrations in serum and whole blood stimulated with flagellin
Changes in serum IL-1b concentrations are shown in Figure 5 . Throughout the experimental period, including before infection, IL-1b concentrations tended to be higher in CC piglets; however, there were no significant differences between genotypes because of the large interindividual variations.
IL-1b production in whole blood cultures from uninfected control piglets without flagellin stimulation was very low (Fig. 6) . Among infected piglets, IL-1b production was lower in whole blood cultures from TT piglets than in those from CC piglets. Flagellin stimulation of whole blood for 72 hr enhanced IL-1b production. Regardless, IL-1b production in TT piglets tended to be lower than that of CC piglets; however, there were no significant differences between genotypes.
Total and daily weight gain
Total and daily weight gains during the experimental period are shown in Table 1 . Mean total and daily weight gains in uninfected control piglets were 15.6 AE 1.5 kg and 380.5 AE 61.4 g, respectively. All infected piglets had lower total and daily weight gains than uninfected controls. In particular, compared with CC and CT piglets, TT piglets had 1.2 kg less total weight gain and approximately 30 g less daily weight gain.
Histopathologic observation
Photomicrographs of HE-stained sections of mesenteric lymph nodes from each piglet 35 days after ST infection are shown in Figure 7 . The lymphoid follicles are activated, consistent with a host defense response against Salmonella in mesenteric lymph nodes. Strong activation of lymphoid follicles was observed in CC and CT piglets, whereas weak lymphoid follicle activation, similar to that in uninfected control piglets, was observed in TT piglets.
DISCUSSION
Shinkai et al. have reported that in swine TLR5 SNP (C1205T), the TT genotype exhibits impaired recognition of ST flagellin and ethanol-killed SC in a HEK293 cell model in vitro (11) . Moreover, we previously reported that experimental infection of conventionally weaned Landrace piglets with SC impairs innate immunity in TT piglets, as evidenced by IL-6 production by flagellin stimulation in blood; moreover, fecal shedding of SC was 40 times greater from TT piglets than CC or CT piglets (17) . In the present study, to validate the effect of this specific SNP on ST infection in vivo, weaned, SPF Landrace piglets with CC, CT, or TT genotypes were orally infected with ST. This experimental infection model successfully reproduced the fever and diarrhea caused by ST infection, enabling examination of the effect of this specific SNP on ST infection in vivo.
Twenty-one weaned, SPF Landrace piglets were used in the present study. Eighteen pigs (six each of CC, CT and TT genotype) were orally infected with ST (L-3569); the remaining three were used as uninfected controls. Infected piglets had fever and diarrhea for 1 week after ST infection, whereas uninfected control piglets had no fever or diarrhea during the experimental period. TT pigs had the most severe fever and diarrhea, followed by CT and CC pigs.
Consistent with the clinical manifestations, ST shedding in rectal swabs peaked 2-3 days after ST infection. ST shedding in rectal swabs 2 days after infection was 10 2 -10 4 , 10 4 -10
6
, and 10 3 -10 5 CFU/mL in CC, CT and TT piglets, respectively. Moreover, mean ST shedding in rectal swabs was greater in CT and TT than CC piglets from 2-21 days after ST infection. The duration of ST shedding was also longer in CT and TT piglets than in CC piglets. These results indicate that piglets with the T allele indeed have impaired recognition of ST flagellin, consistent with previously reported in vitro data (11); therefore, piglets possessing the allele also exhibited impaired innate immune response to ST in vivo in the present study. Neutrophils and macrophages or DCs in the gut phagocytose the bacteria in the early stage of Salmonella infection. However, CT and TT piglets exhibited weaker innate immune responses than CC piglets, suggesting weaker activation of neutrophils or macrophages in these piglets. Thus, CT and TT piglets have lower protective immunity and bactericidal activity, permitting bacterial growth in the gut, accounting for CT and TT piglets shedding greater amounts of ST in rectal swabs for longer periods than CC piglets. Indeed, VijayKumar et al. have reported that TLR5-deficient mice lack flagellin recognition in gut epithelial cells, which results in reduced IL-8 production and delayed neutrophil migration. This in turn leads to delayed clearance of Salmonella as well as conditions favorable for its growth (18) . These findings are concordant with the results of the present study, that is, the TT genotype is associated with the most severe clinical manifestations as well as greater and longer ST shedding.
Serum haptoglobin concentrations increased for 1 week after ST infection. In addition, CT and TT piglets showed greater increases in serum haptoglobin concentration than CC piglets. Given that haptoglobin is an acute phase protein and an inflammatory marker of the host animal, these findings are consistent with the more severe inflammatory responses to ST infection in CT and TT than in CC piglets. We also examined serum concentrations of IL-1b and IL-1b production in whole blood cultures stimulated with flagellin. IL-1b concentration tended to be greater in CC piglets than in CT and TT piglets, albeit not significantly different. This suggests that CC pigs have the most appropriate recognition of ST, which induces a proper innate immune response. However, IL-1b serum concentrations before ST infection were also higher in CC than in CT or TT pigs, suggesting that recognition of bacterial flagellin other than ST is also stronger in CC than in CT or TT piglets.
IL-1b production from whole blood cultures was lower in TT piglets than CC piglets without flagellin recognition. Additionally, flagellin stimulation enhanced IL-1b production, which also tended to be lower in TT than CC piglets. These results from this in vivo study corroborate the impaired recognition against ST flagellin in vitro found in a previous study (11) .
Histopathologic examination of mesenteric lymph nodes showed strong activation of lymphoid follicles in CC and CT piglets but weak activation in TT piglets, similar to that seen in uninfected controls. Lymphoid follicle activation is thought to be associated with host defense responses against Salmonella in mesenteric lymph nodes, suggesting that the host defense response against ST is weakest in TT piglets.
Vijay-Kumar et al. have reported that aflagellate Salmonella cause more severe inflammation than does the wild type, which have flagellin like that in the mouse infection model. In addition, they found that the inflammatory reaction in aflagellate Salmonella is reduced by administration of purified flagellin; this also reduces lesions identified histopathologically in wild-type Salmonella infection. These results indicate that activation of the flagellin-TLR5 pathway contributes to protection of the gut from enteric pathogens (19) . In the present study, activation of the flagellin-TLR5 pathway was weakest in TT piglets, resulting in impairment of both innate immune responses and protective immunity against Salmonella in these piglets. In addition, the TT genotype exhibited the most severe clinical manifestations and lowest daily weight gain.
ST-infected piglets showed lower total and daily weight gains than uninfected control piglets. Interestingly, TT piglets had the lowest total and daily weight gains of the ST-infected piglets, suggesting that they are the most severely affected by ST infection. This may be attributable to them having the weakest innate immune responses as a result of their impaired recognition of flagellin by TLR5.
In summary, the swine TLR5 SNP, C1205T, which was previously reported to be associated with impaired recognition of ST flagellin and killing of SC in vitro (11) , also impairs innate immune responses in pig Salmonellosis in vivo. In addition, piglets with the T allele have more severe clinical manifestations such as fever and diarrhea and significantly greater ST shedding in rectal swabs than CC piglets. TT piglets exhibited the least growth, indicating that TT piglets have the lowest host resistance against Salmonella, probably because of weak innate immune responses.
We plan to examine the genotypes of Landrace piglets by allele-specific PCR with the aim of eliminating those with the T allele (12), which will improve this breeds overall resistance to Salmonellosis. CC pigs showed less ST shedding in rectal swabs over a shorter time than piglets with the T allele. This genetic improvement would contribute to reducing the risks of Salmonella infection in pig farms, of contamination of pork by Salmonella and of emergence of antibiotic-resistant Salmonella.
